Twenty radiocarbon ages have been obtained for permafrost sections on Bely Island (Kara Sea) sampled in 2015-2016. The results make basis for sketch maps of Late Pleistocene (Karginian and Sartanian) and Holocene deposits of marine terraces I and II, the laida, and the fl oodplain of the Rogozin tidal channel. The Karginian shelf sediments make up terrace II and the uneven base of terrace I, and lie below the sea level under the laida; the Sartan shelf and subaerial deposits are widespread on terrace I. The new radiocarbon ages place the fi rst time constraints on the Sartan sediments and record the northward sea retreat within the island at the Karga/Sartan boundary. The laida and the Rogozin Channel fl oodplain formed during the Atlantic, Subboreal, and Little Ice Age deposition in the Holocene simultaneously with peat deposition in drained lakes (hasyreys) on terraces.
SCIENTIFIC JOURNAL
Radiocarbon dating of permafrost sequences in Arctic islands is an important element of Arctic studies [Arkhipov, 1997; Bolshiyanov, 2016] . Lately radiocarbon ages have been obtained for sediments from the Yenisei lower reaches within the Kara Sea region [Gusev et al., 2011 [Gusev et al., , 2016 , the northern Gydan Peninsula [Vasil'chuk and Vasil'chuk, 2010; Oblogov, 2015] , Sibiryakov Island [Opokina et al., 2010] , and Bely Island [Vasil'chuk and Vasil'chuk, 2010, 2015; Baranskaya et al., 2015] . However, the available dates and stratigraphic constraints of plant remnants remain insufficient for correlations and reconstructions of sealevel and paleoclimate changes.
Plant remnants buried in sediments are dated proceeding from the assumption that they inherit their carbon isotope composition from the living environment of biota, and the results are interpreted with reference to the sedimentary structure, the botanical composition and stratigraphy of fossils, as well as to the features of the 14 C dating methods [Panin, 2014] . According to burial conditions, fossil plants are either allochthonous (redeposited) or autochthonous (buried in situ). The autochthonous fossil plants (peat, moss, grasses, shrubs, and plant roots) generally provide more reliable age constraints. The ages of autochthonous plant detritus may be underestimated if the natural deposition patterns are cryoturbated (ice casts) or bioturbated (burrows) [Zanina, 2005] or overestimated in the case of redeposition (waterborne wood chips, rounded peat lumps, etc.).
Fossil plants found in alluvial and lacustrine deposits have been brought by water from eroded lake or river sides, while shallow marine facies deposited by currents in littoral, beach, laida, and lagoon environments store marine fauna buried together with plants from the adjacent landmasses [Frolov, 1992] . Such fossil detritus often forms lenses or layers of felt-like material, while their ages record the time of fl oodplain, delta, lacustrine, and littoral shelf deposition. The age succession in sections often becomes disturbed by redeposition of organic remnants. Synchronicity of plant growth, deposition, and rapid freezing of sediments is indicated by good preservation of plant remnants: greenish color and the presence of bark, rootlets, and whole leaves and stalks. Radiocarbon dating of organic matter is commonly performed for the fraction of cellulose which retains its stable carbon isotope composition after burial [Morgun et al., 2008] .
The 14 C dating of permafrost in Bely Island was made with reference to the cryostratigraphy and facies of sediments, the environments of plant growth inferred from their botanical composition, and location of plant remnants in the section. 
METHODS
Sediments in Bely Island were sampled for isotope analyses and studied by geocryological methods in natural outcrops, during a field trip of 2015, in terms of their structure and texture, particle size distribution, burial conditions, and stratigraphic position of plant remnants.
Grain sizes were measured in 76 samples on a Malvern 3000 laser diff raction particle size analyzer, as well as by decantation and sieving [State Standard, 2013] , which revealed the fractions of very fi ne and fi ne sand, sandy silt, and clay silt.
Cellulose from plant remnants was dated in eighteen >100 g samples by liquid scintillation spectroscopy on a PerkinElmer Quantulus liquid scintillation counter at the Tomsk Analytical Center of the Institute of Climate and Ecosystem Monitoring (Table 1) . The 14 C ages of fossil plants in ten more 5-10 g samples were determined by acceleration mass spectrometry at the Analytical Center in Novosibirsk (Table 2). Samples with low contents of total organic carbon were rejected from the dating procedure. The ages were calibrated using the IntCAL 13 continental curve of atmospheric radiocarbon for the Northern Hemisphere [Stuiver and Reimer, 1993; Aiken et al., 2011; Reimer et al., 2013; Stuiver et al., 2013] and quoted in calendar years before present (BP), where "present" refers to 1 January 1950.
Peat samples were analyzed for botanical composition and dated. Paleophytocenoses were reconstructed based on the predominant taxonomy of plants in peat representative of the West Siberian tundra [Abramova et al., 1961; Preis et al., 2016] . The botanical composition of peat was studied under a microscope [Andreeva et al., 2008] , in percent of the total area of plant detritus; the plant species were identifi ed using the guide of Kats et al. [1977] . For paleo-ecological analysis, a 15 × 15 × 22 cm monolith block of peat was divided into fi ve 2.5-4.0 cm thick layers along boundaries with regard to their dip. Other estimated peat properties were: degree of de- composition (R, %) measured by centrifuge fractionation, ash content (A, %) and density (Р, 1/dm 3 ) of absolutely dry peat (ADP) [Tyuremnov, 1977] .
RESULTS
We studied natural outcrops in the western coast of Bely Island along the Rogozin tidal channel and in the southern part near the Evladov Pole. The island has a flat topography: the elevations are within 0-12 m above sealevel, with low hills and depressions around lakes, dry lakes (locally called khasyrey), and small rivers. The main landscape elements are: shoal, beach, laida (vegetated saline coastal mud fl at), fl oodplain (0-4 m high), and marine terrace I (3-7 m) in the north, and marine terrace II (6-12 m high) in the south (Fig. 1) .
The section of marine terrace II (sampled from cuts R-00, R-z1, R-12, and R-t15, Fig. 2, A) comprises two units.
Lower unit (visible thickness 4.5-5.0 m): alternating well sorted fi ne and very fi ne sands (up to 95 % of 0.05-0.25 mm particles, Fig. 2, D) , with 0.10-0.15 or 0.3-0.5 m thick plane-parallel bedding and 0.01-0.03 m lamination inside the beds produced by minor amounts of medium sand (5-12 %) and silt particles (≤10 %). Additionally, plant remnants carried by water (felt-like detritus of whole moss, grass, stalks, thin branches with bark, seeds, sporadic chitin fragments, and wood chips) make ripple-like lenticular or lowangle cross bedding. Radiocarbon dates from ~32 to ~21 kyr BP were obtained from waterborne plants that grew on the land at the time of sediment deposition (Tables 1, 2 ).
An ice cast fi lled with silt was found in section R-12 at a depth of 0.5-2.3 m in sand with parallel steeply upwarping and recumbent bedding, and with an ochreous stain along a narrow vertical pocket (a former ice vein) that fl ew from the top unit. The sediments of the unit have massive cryostructure and 1 -Holocene deposits (IV) in laida, beach, and tidal channel fl oodplain; 2 -undiff erentiated Sartan and Holocene sediments (IIIsr-V) of terrace I; 3 -Karga (IIIkr) and Holocene (IV) sediments of terrace II; 4 -elevations above sealevel according to the topographic map (a) and triangulation points (b); 5 -cuts of 2015 and their numbers; 6 -boreholes of 2010 and their numbers; 7 -cut and its number according to Artemieva et al. [2016] ; 8 -inferred terrace boundaries.
contain close cracks, wedge-shaped ochreous stains, and 2.0-2.7 m high ice casts.
Top unit (0.5-2.0 m): active layer (seasonal thaw) of sod, 0.1 m thick autochthonous peat, with an uneven base disrupted by sand intrusions. Section R-t15 within a khasyrey contains frozen buried peat at a depth of 0.7-0.9 m under well sorted sand with plane-parallel wavy and contorted bedding (cryoturbation), iron stains, and grass rootlets. Peat consists of two layers and has contorted cross bedding, with veinlets and pockets penetrating into the underlying sand in the lower layer and horizontal bedding, sand spots and in situ grass rootlets in the upper one. The peat is dense, decomposed, with high ash content, containing stable fragments of in situ sedge, cotton grass, equisetum, polytrichum, and sphagum [Kuznetsova et al., 2017] . The peat samples have 14 C ages from ~7.8 to ~2.9 kyr BP (Table 1) . Both sand and peat have massive cryostructure with ice casts.
The section of marine terrace I, sampled in the northwestern part of the island, in cuts R-2, R-6, and R-9 and boreholes OB3, OB2 (Fig. 2, A) , consists of three units.
Lower unit (visible thickness 4 m): poorly sorted mixed silt and clay silt with up to 18 % clay, 61 % silt, and 48 % sand particles (Fig. 2, C) ; well sorted fi ne sand similar to that in terrace II. The sediments have plane or ripple-like, horizontal or low-angle, and lenticular bedding, bending upward, with downward fl ow pockets; waterborne plant detritus, and diatoms. Radiocarbon ages of felt-like plant detritus are from ~22.0 to ~26.0 kyr BP ( Table 2 ). The cryostructures are postcryogenic reticulate, coarse reticulate, massive, or lens-like, with ends of ice veins penetrated from the overlying sediments. The top surface is sharp, smooth or wavy, and dipping, with ochreous stains; delineates the eroded base of the sediments below.
Middle unit, southern part of terrace (2 m thick): well sorted fi ne or very fi ne sands, less often silt and clay silt, with up to 6 % clay, 49 % silt, and 50 % sand particles. Continuous parallel wavy and lenticular bedding produced by variations in the amount of fi ne or medium sands and waterborne plant detritus. Sections R-2 and R-9: felt-like plant remnants of waterborne grass stalks, well preserved moss and redeposited fl oating wood and lenses of wood chips below, with radiocarbon ages of 29-41 kyr BP. Section R-9: an oval lens (1.0 m wide, 0.5 m high) and a buried tortuous sloping burrow fi lled with friable pale yellow sand of massive cryostructure, with lumps of the host silt and sod. Whole stalks of moss and lumps of well preserved grass in the nest litter gave a 14 C age of ~19.9 kyr BP.
Middle unit, northern part of terrace (0.5-4.0 m thick), cut R-6 and boreholes OB2, OB3 [Slagoda et al., 2013] : fi ne and very fi ne sand lying over eroded sediments. Coarse and fi ne plane-parallel bedding in the lower unit part and fi ne lenticular or wave-ripple cross bedding in the upper part; plant detritus. Ice wedges, with upward-contorted bedding along the wedges, coarse or fi ne reticulate or lens-like and parallel cryostructures (Fig. 2, A) . The ages of sediments in cut R-6 range from ~15.6 to ~26.1 kyr BP, without any regular succession.
Top unit (R-2, R-6), 0.5-2.0 m: well sorted fi ne sand, sod, and autochthonous peat with root remnants in situ, lying over the eroded surface of sand marked by ochreous stains and iron hydroxide bands. Peat with fi ne ice veins in thermokarst depressions and dry lakes, making a patterned ground microtopography. Ochreous sands below the peat are cryoturbated and contain peat veins, narrow sand wedges (ice casts), and ochreous wedge-like pockets. Sand with reticulate cryostructure lying over ice wedges in borehole OB2 [Slagoda et al., 2013] .
The sections of laida, f loodplain, shoal, and Rogozin Channel deposits, studied in cuts R-3, R-4, R-5, R-7, R-8, and R-11 (Figs. 1, 2, A) , comprise two units: silt below and sand with peat and sod above. The deposits that were stripped in 2009 in borehole OB1 and a cut on the channel side were assigned to the same level [Slagoda et al., 2013] .
Lower unit (visible thickness 0-1 m): sorted silty sand and silt, with up to 9 % clay, 57 % silt, and 34 % sand particles (Fig. 2, B) ; lithologies same as in the lower unit of terrace I. The unit surface is wavy and heaving, dipping beneath the sealevel in the north (Fig. 2, A) . Contorted cross bedding in sand is produced by particles of diff erent sizes and lenses of waterborne plat detritus. Felt-like plant detritus making a lens in section R-4 has an age of 23.5 kyr BP (Table 2, Fig. 2, A) . The sediments have postcryogenic textures and thick or thin bedding; heaving in ice casts. The cryostructures are massive in sand and fi ne lens-like to layered, wavy, parallel to the sedimentation bedding (and to the unit top) in silt.
Top unit (stripped thickness 0.5-2.5 m): layered sands, with interbeds of autochthonous buried and subaerial peat; well sorted fi ne and very fi ne sand and silt, with numerous fresh and degraded fi lament-like grass rootlets; ochreous stains and bands of iron hydroxides. Continuous lenticuar or low-angle cross bedding that truncates the sedimentary layers at diff erent angles; wave ripples. The layering is produced by alternating silt, sand of different sizes, and waterborne plant detritus. In addition to felt-like plant detritus composed of whole grass stalks and moss, sand encloses layers of redeposited wood chips, detritus, and bark-free wood. A 0.1-0.2 m thick layer of buried autochthonous peat, with an uneven curved base and a smooth eroded top surface, lying over laida in section R-3, has a 14 C age of 7.3 kyr BP. Deformed layering of sand and silt in relict heaves. Subaerial autochtonous peat in sections R-7 and R-8 has radiocarbon ages of 0.6-0.1 kyr BP . A lens of waterborne detritus (well preserved moss and stalks) in the channel fl oodplain (section R-4) has an age of 2.7 kyr BP (Table 2) . Frozen sand with a massive cryostructure contains thin (0.05-0.10 m) ice veins, ice wedges from weathering cracks, and ice casts fi lled with peat.
DISCUSSION
Terrace II in the southern half of Bely Island has a fl at and upwarping microtopography of patterned ground. Ice casts, vertical and wedge-shaped segregations of iron hydroxides within ice and thaw veins stripped in the sections [Baranskaya et al., 2015] reveal at least two generations of permafrost ice wedges (Fig. 2, A) .
The lower unit of the terrace apparently was deposited in a shelf environment by slow low-energy currents and tidal waves, judging by particle sizes, good sorting, and uniform thick bedding of sediments, wave ripples, and the presence of felt-like plant detritus (Fig. 2, A ) [Slagoda et al., 2014a,b; Tikhonravova et al., 2016] . The calibrated ages of the felt-like detritus of plants that grew on a land exposed to syndepositional erosion fall within a range of 37 000 to 26 565 yr; the dates 24 466-25 937 yr in the upper part of section R-12 represent the Karga/Sartan boundary (Tables 1, 2 ; Fig. 2, A) . Thus, the unit was deposited during the second half of the Karga event [Volkova and Babushkin, 2000] .
The top unit composed of subaerial talus and aeolian sands (?) formed on the land, in a khasyrey. Peat lies under ochreous layered sand with in situ grass rootlets. The age of the unit was determined from fi ve samples of buried autochthonous peat (a monolith piece) in section R-t15. The obtained peat ages are 8856 to 5894 yr in the lower part with contorted bedding and 4337 to 2929 yr in the upper part with horizontal bedding and minor amounts of sand ( Fig. 2, A; Table 1 ). The lower peat part is composed of birch, equisetum, and sedge vegetation which is common to moderately wet typical tundra free from sea infl uence, while the upper part consists of sedge peat with thin sand interbeds accumulated in a cold climate, in the conditions of periodic swamping and drying [Rebristaya, 2013; Kuznetsova et al., 2017] . As evidenced by the peat composition, birch grew in dry lakes on Bely Island during the Holocene optimum. The dates 9479-9672 yr (IGAN5009) and 9921-10 075 yr (IGAN5010) likewise indicate Early Holocene ages of buried autochthonous peat widespread in khasyreys on terrace II [Artemieva et al., 2016] (Fig. 2, A; P-24) .
The lower unit of terrace I in northwestern Bely Island was deposited in a shallow marine environment (inner shelf, low-energy littoral, and gulf areas), judging by its diverse particle size distribution, bedding, salinity, and coexistence of felt-like plant detritus, moss, and marine diatoms. Contorted bedding in ice casts, postcryogenic structures and textures, as well as superposed cryostructures result from syndepositional freezing and later thawing of sediments and the ensuing subsidence and epigenetic freezing [Slagoda et al., 2013 [Slagoda et al., , 2014a .
The sediments of sections R-2 and R-9 were deposited in Karginian time, as indicated by the ages of redeposited fi ne wood chips and plant detritus (32 233-33 899 yr BP) and wood (43 342-45 891 yr BP) from the sand that lies over the eroded surface of the lower unit ( Fig. 2, A; Tables 1, 2 ). Karginian ages were also obtained for waterborne plant remnants from R-6 in the north of the terrace: 25 997-26 613 yr at a depth of 2.4 m and 29 892-30 691 yr in the overlying sediments immediately above the eroded surface, at a depth of 2.0 m. The Karginian age of the terrace I base has been additionally confi rmed by proximal dates of ~37-40 kyr BP for redeposited plant remnants in the eastern part of the island [Baranskaya and Romanenko, 2017] .
The middle unit in southern terrace I, which is composed of cross-bedded sand and silt, with a buried burrow and fi lamentous plant rootlets, was deposited in subaerial conditions by fl oods and ephemeral streams. The presence of redeposited wood with Karginian ages likewise suggests erosion of the Karginian sediments of terrace II by streams.
Plant detritus that disappeared from the section moved into the buried burrow (cut R-9). The 23 244-24 670 yr BP age of autochthonous plant remnants from the burrow (Table 1) indicates that a subaerial surface overgrown with grass existed already in early Sartan time and was eroded, which led to the absence of the sod in the section.
The middle unit in the northern part of terrace I, can be equated to saline sediments stripped by boreholes [Slagoda et al., 2014b] and interpreted as shallow-water facies of brackish lakes and littoral environments (Fig. 2) , according to the bedding pattern, diverse grain sizes, and the presence of waterborne plant detritus.
Radiocarbon dates in section R-6 form no regular succession: felt-like plant detritus is 18 230-19 597 yr old at a depth of 1.65 m, 27 988-28 616 at 1.1 m, and 21 736-23 116 yr at 0.65 m. The age 29 892-30691 yr plant detritus at a depth of 2.0 m was redeposited from the lower Kargininan sediments, as indicated by its stratigraphic position and wave ripples. The middle unit can be timed as Sartanian because the ages of sediments in zones aff ected by waves and streams, including both waterborne syndepositional and redeposited plant remnants, are determined according to the youngest beds (b), lenses and wave ripples (c); 9 -autochthonous plant remnants of peat (a) and in situ plant rootlets and sod (b); 10 -burrow with in situ plant remnants in nest litter;
11 -present (a) and past (b) boundary between frozen and unfrozen rocks in cuts; 12 -observed ice wedges of syngenetic origin (a) and delineated laterally by iron stains (b) and those inferred from polygonal surface patterns (c); 13 -ice casts with vertical wavy bedding (a) and ochreous wedge-shaped fl ow pockets (b); 14 -cryoturbation; 15 -boundaries of erosion (a), units and layers (b), correlation lines (c); 16 -cut numbers; 17 -borehole numbers; 18 -radiocarbon ages of plant remnants obtained at IMCES (Tomsk); 19 -radiocarbon ages of plant remnants obtained at Analytical Center (Novosibirsk); 20 -radiocarbon ages of plant remnants according to Artemieva et al. [2016] ; 21 -abbreviations stand for facies names: sm = shallow marine (shelf, current, and wave deposits); tl = talus, tl-es = talus and deposits of ephemeral streams, l = lacustrine, b = biogenic; 22 -age index: IV = Holocene; IIIkr = latest Pleistocene, Karginian; IIIsr = latest Pleistocene, Sartanian; 23 -particle size dis tribution in Holocene (a), Sartanian (b), and Karginian (c) sediments.
dates. The age inversion may result from erosion of Karginian and Sartanian sediments containing plant detritus which became redeposited in a coastal gulf and lakes in the northern part of the island. The cryostratigraphy of the Sartan deposits was produced by syngenetic freezing during the deposition of terrace I: in subaerial and shallow-marine conditions in the island south and north [Badu, 2010; Slagoda et al., 2014b] .
The top unit in the northern part of terrace I near the Polar Research Station was described earlier [Vasil'chuk and Vasil'chuk, 2015; Vasil'chuk, 2017] and autochthonous peat with an age of 8500 ± 120 yr BP (LU-1139) at the base was reported to lie over syngenetically frozen sand deposited in a shallow saline lake, with ice wedges.
Laida and fl oodplain of the Rogozin Channel in northwestern Bely Island. The lower unit on the side of the Rogozin Channel (section R-4) correlates with shelf deposits at the base of terrace I according to particle sizes, wave ripples in sand, lenses of waterborne felt-like plant detritus and cross bedding in ice casts. The unit was deposited in Karginian time as shown by the 27 434-27 927 kyr BP age of felt-like plant detritus (Table 2 ; Fig. 2, A) .
The top layer of sand with autochthonous buried and subaerial peat was deposited in subaerial laida and beach environments (shoals on the coast and near the Rogozin Channel) aff ected by currents, judging by wave ripples, frequent changes in bedding dips, ochreous stains, and the presence of autochthonous peat layers and lenses of felt-like plant detritus.
Radiocarbon dates obtained for autochthonous buried peat in the laida section R-3 are early Holocene (8027-8218 yr), while the felt-like plant detritus from the same depth in the channel fl oodplain section (R-4) is late Holocene (3057-3274 yr). The laida subaerial peat, dated at 319-680 yr BP, became flooded by the sea during deposition (Table 1 ; Fig. 2, A) . The plant detritus in sand with the 27 557-28 088 and 21 465-22 721 yr BP ages was redeposited during terrace erosion. The deposits of the laida and the Rogozin Channel fl oodplain formed in the Atlantic, Subboreal, and Little Ice Age periods of the Holocene [Khotinskiy, 1977; Shpolanskaya, 2015] .
CONCLUSIONS
The obtained calibrated radiocarbon ages show that marine terrace II in southern Bely Island was deposited between 37.0 and 24.5 kyr BP. The Karga permafrost sequence is composed mainly of shallow-marine sands that were deposited on shoals by nearshore currents in the south and of finer grained sediments deposited in low-energy conditions of shallow gulfs and littoral in the north. The latter sediments, of Karginian ages, froze up synchronously with the growth of ice wedges. The top of the Karga deposits lies at diff erent elevations through the island: 5.5 m asl in terrace II; 3.0 m in dry lakes; 0.5-3.0 m in terrace I; 1.0 m in the tidal channel fl oodplain; and below the sealevel on the laida. The subaerial autochthonous birch-equisetum-sedge peat with signatures of heaving formed in typical tundra conditions from 10 to 5.9 kyr BP during the Atlantic period of the Holocene, while the layered sandy sedge peat was deposited at 2.9-4.3 kyr BP, during the Subboreal cooling. The Holocene peat deposition in dry lakes indicates that thermokarst formation in the Karginian deposits of terrace II began in the latest Sartan time.
The reported fi rst radiocarbon dates show that terrace I formed in the 24.5-18.2 kyr BP interval. The Sartan deposits lie over the rugged subsided surface of thaw and refrozen Karga rocks. Sartanian subaerial deposits of ephemeral streams and talus occur near the terrace tread while shallow marine and brackish lake facies which froze syngenetically and formed ice veins are found in the north, at the terrace base. The change of marine to continental facies records sea retreat at the Karga-Sartan boundary. Autochthonous peat in dry lakes of terrace I marks the onset of peat deposition in the Holocene, about 8.5 kyr BP.
The laida deposits formed during the Holocene optimum, around 8.2 kyr BP, and during the Little Ice Age at 0.7-0.3 kyr BP, while the Rogozin Channel floodplain was deposited in Subboreal time, about 3.0 kyr BP. The laida and the fl oodplain formed synchronously with the peat deposition in khasyreys on terraces I and II.
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